Electromicrobiology is a new discipline that investigates the ability of microbial species to interact with insoluble external electron acceptors and donors. This ability has most commonly been studied through microbial communities found in association with electrodes as part of a microbial electrolysis cell (MEC). MECs are devices that employ bacteria capable of utilising either an anode as an electron acceptor or a cathode as an electron donor to carry out biologically driven processes. In effect, these devices make use of microbes that are eating and breathing electricity. . However, it was not until half a century later that this knowledge was implemented into the first reported studies using a MFC. In the past 10 years research into electric bacteria has exponentially expanded.
Defining microbial fuel cells
A MFC is typically a two-chambered system containing an anaerobic anode chamber and an oxic cathode chamber, separated by an ion permeable membrane, and is capable of utilising electrons from microbial central metabolism for a net energy gain. Electric microbes in the anode chamber utilise the anode as a final electron acceptor for the anaerobic respiration of organic electron donors such as acetate. Electrons donated to the anode flow to the cathode through electrical wires, where they are reunited with the protons generated in the anode chamber and combine with oxygen or other electron acceptors to form reduced products. The reported anodic power density has increased from initial power outputs of 0. The number of known electricigens has been increasing and includes species of Geobacter, Shewanella, Rhodoferax, Pseudomonas, Geothrix, Ochrobactrum, Clostridium, Desulfuromonas, Aeromonas, Desulfobulbus, Geopsychrobacter, Escherichia, Rhodopseudomonas, Desulfovibrio, Acidiphilium, Klebsiella, Thermincola, and Pichia. Of these microbes, Geobacter sulfurreducens and Shewanella oneidensis are the most extensively studied in terms of their mechanisms of extracellular electron transfer (EET)
to insoluble electron acceptors.
Electrotrophs: cathode-associated microorganisms
Microorganisms can also utilise the cathode as an electron donor in a MEC, in effect consuming electrical current as an energy source. This process requires an input of current, as the electrode often needs to be held electronically at a specific potential to make the redox reactions favourable 4 . Microorganisms that receive electrons directly from electrodes are referred to as electrotrophs and, if carbon dioxide is fixed for organic synthesis, the process is known as electrosynthesis; named due to similarities to photosynthesis 
Extracellular electron transfer mechanisms
Electrogens are a more general term for electricigens and encompass all microbes that can interact in a community via extracellular electron transport using any suitable extracellular electron acceptor;
whereas electricigens are microbes that specifically use an electrode as the final electron acceptor for extracellular electron transport.
Initial studies of electrogenic bacteria focused mainly on Geobacter and Shewanella species. These species had been extensively studied in relation to iron reduction and were known to have different EET mechanisms (Table 1) . Currently there are three known mechanisms of EET that were recently reviewed in great detail 26 :
(1) electron shuttle mediated EET (SEET); (2) direct EET (DEET);
and (3) pilin mediated EET (PEET). These mechanisms are discussed below in relation to anode reduction ( Figure 1 ).
(1) Electron shuttle mediated EET Figure 1 . Schematic representation of extracellular electron transport (EET) mechanisms including electron shuttle mediated EET (SEET), direct EET (DEET), direct interspecies EET (DIET) and pilin mediated EET (PEET) at the anode. The mechanisms of EET at the cathode are not yet determined but may be similar to SEET, DEET, DIET and PEET at the anode. Biofilm formation, depicted as a pink layer on the electrodes, is thicker on the anode than biofilm formation on the cathode, which is often limited to a single cell layer biofilm in pure cultures. microbial species are capable of utilising exogenous electron shuttles but not all microbes produce them. S. oneidensis has been studied extensively due to flavin production that cycles electrons from the outer membrane cytochrome MtrC 19 11, 28 .
(3) Pilin mediated EET
G. sulfurreducens is capable of producing a multicellular thick biofilm (>50 mm) on anode surfaces that is dependent on the expression of pili 7, 8, 29 . The entire biofilm is metabolically active and contributes to power production and, unusual for a biofilm, is transcriptionally homologous throughout 8, 30 . The PilA mutant of G. sulfurreducens, defective in pilin production, is incapable of insoluble Fe(III) oxide reduction but is still able to reduce soluble Fe(III) citrate 10 . This mutant also does not produce the characteristically thick anode-associated biofilms. The results of recent studies on Geobacter strongly suggest that electrons do not travel along the pili by the conventional mechanism of electron hopping between redox proteins. Instead, the movement of electrons along the pili appears to be occurring via metallic-like conduction through the pili outer surface via specific amino acid side chains 31 . In contrast to Geobacter nanowires, it has been recently demonstrated that the molecular composition of S. oneidensis nanowires are actually protrusions of outer membrane and periplasm. They are thus comprised of membrane material, including cytochromes involved in EET rather than being pilin based like those found in Geobacter.
These differences in long-range EET further highlight the importance of understanding the different EET mechanisms between various electrogens and the electrode. With knowledge gained in this field, more tools will become apparent on how to increase the efficiency of EET and hence increase the bioremediative and energy production capacity of MFCs.
Community dynamics of electrogenic biofilms
It is now becoming apparent the microbes in the environment can Under the Microscope
